ABSTRACT: Over the past 3 decades, various concepts for IV fat emulsions (IVFE) have been developed. A randomized, structured-lipid emulsion based on an old technology has recently become available. This structured-lipid emulsion is produced by mixing medium-chain triglycerides and long-chain triglycerides, then allowing hydrolysis to form free fatty acids, followed by random transesterification of the fatty acids into mixed triglyceride molecules. Studies in animals have shown an improvement in nitrogen balance with the use of these lipid emulsions. Only 8 human clinical studies with these products have been performed. The results of these human clinical studies have been less promising than the animal studies; however, an improvement in nitrogen balance and lipid metabolism exceeds results associated with infusion of long-chain triglycerides (LCT) or a physical mixture of long-chain triglycerides and medium-chain triglycerides (LCT-MCT). Structured-lipid emulsion seems to induce less elevation in serum liver function values compared with standard IVFEs. In addition, structured-lipid emulsions have no detrimental effect on the reticuloendothelial system. Further studies are necessary in order to recommend the use of structured-lipid emulsions. The clinical community hopes that chemically defined structured triglycerides will make it possible to determine the distribution of specific fatty acids on a specific position on the glycerol core and therefore obtain specific activity for a specific clinical situation.
Lipids are essential components of nutrient intake. In artificial nutrition, lipids were initially considered as a source of calories and as a source of essential fatty acids. Then, with the development of parenteral nutrition (PN), it was recognized that the use of IV fat emulsion (IVFE) added specific benefits and avoided complications attributed to infusion of large amounts of dextrose. More recently, it has been shown that lipids, particularly certain fatty acids, are involved in the structure and function of cell membranes and receptors, modify gene expression, and modulate immune response. 1, 2 The first IVFEs, from soybean or safflower oil, were rich in -6 polyunsaturated fatty acids (PUFA). Due to high levels of -6 PUFA and to the excessive amounts of IVFEs infused, negative effects were described with the use of IVFEs composed of long-chain triglycerides (LCT: carbon chain lengths Ն16 carbon atoms). 3 Experimental evidence suggests that the overload in linoleic acid associated with these IVFEs leads to an overproduction of arachidonic acid and increases the production of proinflammatory prostaglandins, leukotrienes, and cytokines. Therefore, systemic inflammatory response and immunosuppression are increased, especially in critically ill patients. 4 Further, when given too rapidly or in large amounts, LCT IVFEs inhibit neutrophil and macrophage functions and impair the reticuloendothelial system (RES). In several studies, LCT IVFEs have been associated with infection and increased morbidity. [5] [6] [7] [8] [9] With regard to metabolic pathways, several studies have indicated that LCT IVFEs were not completely oxidized and some long-chain fatty acids continued to be reesterified to triglycerides in the liver. 10, 11 LCT IVFEs have been associated with slow clearance of triglycerides from blood circulation, hypertriglyceridemia, and fatty infiltration of tissues. Medium-chain triglycerides (MCT: carbon chain lengths of 6 -12 carbon atoms) have different physical properties and are metabolized by other pathways. Compared with LCT, MCT are poorly bound to albumin, are more water soluble, and can diffuse into other fluid compartments. MCT are metabolically characterized by rapid hydrolysis, rapid oxidation, and carnitine-independent fatty acid transport. 12 New IVFEs containing MCT have therefore been developed in response to the negative effects observed with LCT IVFEs. MCT are more rapidly cleared from the plasma, are better oxidized, and are neutral in the immune and inflammatory systems when compared with LCT. [13] [14] [15] However, pure MCT solutions do not provide essential fatty acids and their oxidation raises body temperature, increases energy expenditure, and induces central nervous system toxicity. 12 In order to avoid fatty acid deficiency and toxic effects associated with a large amount of oxidized MCT, MCT should not be used alone. MCT should, therefore, be administered with LCT. To that end, 2 approaches have been developed: physically mixing MCT vegetable oil and LCT vegetable oil or rearranging triglycerides that have both medium-chain fatty acid and long-chain fatty acid on the same glycerol molecule. 3 The latter are structured lipids and were first developed by Babayan 16 for PN. In European countries, both physical lipid mixtures and structured formulations are available for PN.
Due to the lipase specificity on triglyceride hydrolysis (substrate and position) and the importance of the sn position on the glycerol molecule in the metabolism of the triglycerides (absorption, incorporation in the membrane, complex lipid precursor), the concept of structured lipids appears to be very interesting in artificial nutrition. Indeed, lipolytic enzymes (lingual, gastric and pancreatic lipases, lipoprotein lipase, and hepatic lipase) both have substrate specificity (medium-chain fatty acids are hydrolyzed faster than long-chain fatty acids) and position specificity for sn-1 and sn-3 fatty acids ( Figure 1 ). Degradation of triglyceride results in the formation of sn-2 monoacylglycerol and 2 free fatty acids. The sn-2 monoacylglycerols are well incorporated in cell membrane (modulating membrane fatty acid composition) and serve as precursors of complex lipids. Sn-2 monoacylglycerols are also preferentially absorbed in intestine and are a source of reesterification by intestinal cells for resynthesis of triglycerides. 17, 18 On the other hand, sn-1 and sn-3 fatty acids are used for energy substrate. According to the position of the fatty acid on the glycerol backbone and the kind of fatty acid, it should be possible to deliver specific fatty acids to specific tissues in specific clinical situations by using a specific modification of triglyceride composition.
This review is mainly focused on use of IVFE with PN because structured IVFEs are currently used in clinical practice (except in North America).
Structure and Metabolism of Structured Lipids
Structured lipids (SLs) are defined as lipids that are modified chemically or enzymatically in order to change their structure ( Figure 2 ). The most typical structured triacylglycerols (STG) are medium-longmedium-chain type STG (MLM-STG) having medium-chain fatty acids at the 1 and 3 positions (sn-1 and sn-3) and a long-chain fatty acid at the 2 position (sn-2; Figure 3 ). 17, 18 SLs are produced by interesterifying mediumchain fatty acid and long-chain fatty acid on a glycerol backbone. Interesterification does not modify the nature of the native fatty acids (length, desaturation, isomerization). Chemical interesterification of fats is an old process technology for fat modification. With an initial mixture of soybean oil (for LCT) and coconut or palm oil (for MCT), structured lipids are made by first breaking down the triglycerides to form fatty acids and glycerol. These 
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compounds are then reesterified to form new triacylglycerols containing a randomized mixture of medium-chain fatty acids and long-chain fatty acids on their glycerol backbone. All combinations are possible ( Figure 3 ). Only this kind of randomized SL is available in clinical practice. Using 1,3-specific or 2-specific lipases, it is possible to synthesize 1,3-specific or 2-specific triacylglycerol called chemically STG. As explained above, chemically defined SLs could offer some advantages, depending on the kind of fatty acid and their position on glycerol backbone. For example, the choice of some fatty acids (particularly MCT) at the sn-1 or sn-3 position provides a preferential energy substrate effect with a faster hydrolysis to this STG. Incorporation of arachidonic, eicosapentaenoic acid, or very long-chain fatty acid at the sn-2 position, could provide an immunomodulating effect to this STG.
Experimental Data in Animal Studies
Most of the relevant studies were published 20 years ago and showed that IV STG could have beneficial effects on nitrogen balance. In these studies, randomized medium-and long-chain STG are hydrolyzed more rapidly than LCT. In vitro, lipoprotein lipase and hepatic lipase hydrolyzed STG slightly less rapidly than they did MCT/LCT physical mixture, but there were no differences in blood lipid parameters in vivo.
19 -21 STG appeared to be more oxidized and also decreased endogenous lipolysis. 21, 22 Hepatic lipid content was lower with the use of STG. 23 Protein metabolism and nitrogen balance have been evaluated in stressed rats (burned, septic, or injured). All of the studies showed a greater gain in body weight, a greater positive nitrogen balance, and higher albumin levels with STG compared with physical mixture or LCT. 24 -26 STG seems to be a better support for protein synthesis. 27, 28 Like MCT, STG did not affect the RES and did not increase the rate of infection. 29 According to animal studies, randomized STG emulsions have a beneficial effect on triglyceride hydrolysis and nitrogen balance.
Human Clinical Studies
Eight human clinical studies with STG have been published. Six studies compared STG with LCT (1 in healthy subjects, 3 in postoperative patients, 1 in critically ill patients, and 1 in patients receiving home PN) 30 -35 and 2 studies compared STG with a physical mixture of MCT/LCT.
36,37

Metabolic Pathway
In experimental studies, STG were hydrolyzed rapidly and oxidized more fully than other IVFEs (Table 1) . In these studies involving 200 patients, Vol. 21, No. 4 
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STG IVFE was well tolerated, and no side effects were encountered during the study periods.
-35
Hepatobiliary dysfunction frequently occurs in patients receiving PN. When patients are parenterally fed, a gradual rise in serum levels of aspartate aminotransferase, alkaline phosphatase, and bilirubin may be expected to occur after 1 or 2 weeks of PN infusion. 38, 39 In all of the studies performed in patients (no healthy subjects), abnormal liver function tests were observed with PN (Table 1) . 30, 31, [33] [34] [35] [36] [37] Nevertheless, in the STG groups, these modifications were less pronounced in 2 of 7 studies (critically ill patients and postoperative patients). 35, 36 In a study, 20 postoperative patients receiving PN for 5-7 days were randomized to receive either STG or LCT IVFE infused over 8 hours at a dose of 1 g/kg/day. 30 Plasma lipid parameters (glycerol, free fatty acids, triglycerides) were not significantly different between groups. However, during lipid infusion, plasma triglyceride levels declined in both groups. During STG infusion, energy expenditure or oxidation tended to be slightly higher, but the differences were not significant (Table 1) . 30 Five additional studies comparing STG and LCT lipid emulsion also demonstrated no differences in triglyceride metabolism (plasma levels of glycerol, fatty acids, or triglycerides) or oxidation measured by indirect calorimetry (Table 1) . [31] [32] [33] [34] [35] In these studies, the rate of lipid infusion was 0.85 g/kg/day to 1.5 g/kg/day infused over 6 -8 hours. However, Sandöstrom et al 31 found that an excess of nonprotein calories (nonprotein calories ϭ 120% BEE), 1.5 g/kg/day over 8 hours of STG was associated with a significant elevation of whole body fat oxidation (ϩ0.5 g/kg body weight/day) in postoperative patients (p Ͻ .01). This was not observed with a hypocaloric rate and with a lower lipid infusion rate (80% of BEE and 1 g/kg/day over 8 hours; Table 1 ). In this former group (hypercaloric), a significant increase in glycerol, free fatty acid, and 3-hydroxybutyric acid levels was also observed. The modification of energy expenditure and whole body fat oxidation may imply that STG are more oxidized than other lipids. However, measuring fat oxidation with indirect calorimetry does not prove that it was exogenous fatty acids that there were being oxidized.
A physical mixture and an STG emulsion were compared in 2 studies in postoperative patients. 36, 37 The dose of IVFE was 0.85 g/kg/day in 1 study and 26% of total energy requirement in the other. In both studies, plasma triglyceride levels were significantly lower in the STG group compared with the group receiving the lipid physical mixture. Further, the lipid physical mixture induced a rise in serum triglyceride levels. 36, 37 These observations were found despite the composition of these lipid emulsions, which was slightly different. Indeed, the MCT/LCT emulsion contained more MCT than the STG emulsion (64% moles vs 50% moles; Table 2) , and it is known that MCT are more rapidly hydrolyzed than other triglycerides.
To conclude, in human studies, the results of STG are conflicting. Some studies show no difference, whereas others indicate a faster clearance and a higher oxidation of STG compared with other IVFEs.
Protein Metabolism and Nitrogen Balance
Only 2 studies have evaluated the impact of IVFE on nutrition parameters such as serum levels of albumin and transthyretin. 34, 36 In a crossover study 34 In our randomized study in postoperative patients, we did not find a difference in plasma transthyretin and albumin levels after 5 days of infusion of STG emulsion. 36 Protein metabolism was evaluated by nitrogen balance and 3-methylhistidine urinary excretion at 3 35 or 5 days after infusion of IVFEs 30, 31, 33, 36, 37 ( Table 1) . In 20 postoperative patients receiving 0.2 g/kg/day of nitrogen, Sandöstrom et al 30 found no difference in nitrogen balance (nitrogen balance/ day: 0.8 g in the STG group vs Ϫ0.4 g in the LCT group; Table 1 ). Another study compared LCT with STG using 2 infusion rates (1 g/kg/day and 1.5 g/kg/day over 8 hours) in 37 postoperative patients (Table 1) , Sandöstrom et al 31 again found no difference in nitrogen balance in either group. However, the type of IVFE was switched every day. Under these conditions, it could be difficult to show a difference between IVFEs. In a study comparing STG with LCT in 19 postoperative patients (Table  1) , Bellatone et al 33 obtained a positive nitrogen balance in both groups during the first 5 days of IVFE infusion. Positive nitrogen balance was higher in the STG group, but the difference was not significant (ϩ10.7 Ϯ 0.5 g vs 6.7 Ϯ 17.9 g for 5 days). In addition, there was no difference in 3-methylhistidine urinary excretion. A study comparing LCT with STG in 30 intensive care patients evaluated nitrogen balance over 3 days (Table 1) . Ten of the patients in the study could not be evaluated. Patients received 0.2 g/kg/day of nitrogen. Cumulative nitrogen balance was significantly better in the STG group (9 patients; Ϫ0.7 Ϯ 5.9 g) than in controls (Ϫ16.7 Ϯ 3.9 g). In an intention-to-treat analysis, the difference between the groups was not significant. 35 Similarly, in the 2 randomized studies that compared STG emulsion with a physical mixture in postoperative patients, the results were conflicting (Table 1) . 36, 37 Kruimel et al 37 reported a significant difference in cumulative nitrogen balance (p ϭ .015) in favor of the STG group (Ϫ8 Ϯ 2 g in 9 patients receiving STG) vs the physical lipid mixture (Ϫ21 Ϯ 4 g in 10 patients). The difference became significant after the fourth day. In our study of 29 patients, neither nitrogen balance nor 3-methylhistidine urinary excretion was different at 5 days into treatment or from one day to the next. 36 Nitrogen and caloric intakes were similar in both studies. 36, 37 A possible explanation in the results is the difference in the rate of lipid intake. In our study, 50% of the calories were provided by lipid emulsion. 36 In the Kruimel et al 37 study, only 30% of calories were provided by lipid emulsion. In addition, some studies have shown that the glucose-lipid ratio is a determinant of nitrogen balance during PN infusion in the critically ill patients, with glucose being favored. 40 The higher glucose intake in the Kruimel et al 37 study could improve nitrogen balance and, therefore, strengthen the positive effect of STG emulsion, explaining the positive effect STG lipid emulsion had on nitrogen balance.
In these studies, STG emulsion was at least as effective as other control lipid emulsions. There was a trend toward improvement of nitrogen balance and a decrease in 3-methyl-histidine urinary excretion but often without statistical significance. The type of the comparative lipid emulsion did not influence the results. As urinary 3-methylhistidine excretion is the reflection of protein catabolism, these results suggest that STG could improve protein synthesis rather than decrease protein catabolism. The clinical results are in concordance with the results of animal studies. At present, the mechanism of improved protein synthesis in patients given an STG emulsion is unclear. The improvement in nitrogen balance could be explained in part by the higher oxidation rate of triglycerides and by the increase in ketone body production. However, an exogenous ketone body infusion had no beneficial effect on protein metabolism as evaluated with L[1-13C] leucine in septic patients. 41 
Immunology Study
Several recent studies have evaluated the immunologic impact of the different IVFEs on human blood cells from healthy subjects. [42] [43] [44] [45] [46] In contrast with physical lipid mixture, LCT emulsion, or fish oil, expression of selectins, integrins, membrane surface markers for adhesion, and degranulation were not modified by STG lipid emulsion. 42, 43 The same observations were made with STG lipid emul- LC-FA, long-chain fatty acid, MC-FA, medium-chain fatty acid.
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sion concerning migration, chemotactism, adhesion and killing, the production of oxygen radicals, and the effect of lipid emulsion on cell signaling by leukocytes. 44 -46 It would seem that the effect of long-chain fatty acid or medium-chain fatty acid was mitigated in the presence of long-chain fatty acids within the same triglyceride molecule.
In an older experiment, the activity of the RES was studied by technetium-labeled colloid clearance. 46 After 5 days of lipid administration, there was no difference between clearance before and after lipid administration, suggesting no deleterious effect of STG lipid emulsion on RES. This effect was also obtained with the MCT/LCT physical mixture. 46 
Clinical Applications of IV Structured Triglycerides
STG lipid emulsion is at least comparable with IVFEs of LCT or MCT/LCT physical mixtures. Several studies suggest that compared with LCT or MCT/LCT mixtures, STG emulsion is more highly oxidized and may improve nitrogen balance; STG had no effect on RES and did not stimulate eicosanoid production. STG emulsion induces no more side effects than other lipid mixtures and may cause less abnormal liver function tests than other lipid products.
STG emulsion could be used as a standard lipid emulsion. However, in France, for example, the cost of this emulsion is twice that of an LCT emulsion. Under these conditions, STG emulsion should not be used as a standard emulsion. However, STG emulsion could be recommended for use in patients with liver dysfunction or hypertriglyceridemia. STG lipid emulsion could also be helpful in critically ill patients or other patients for its potential effects on nitrogen balance and immune system. Nonetheless, the clinical support for these recommendations is not strong.
Comparing a physical mixture with the current data, it is difficult to make any recommendations. Further studies are necessary before clear recommendations can be made. Such studies should evaluate and explain protein metabolism changes and evaluate endpoints such as infectious complications.
Future Applications in Clinical Practice
The main interest of this kind of new generation of IVFE is to use chemically defined SLs. Indeed, the distribution of fatty acids along the glycerol core could create very interesting triglycerides. Fatty acids in the sn-1 or sn-3 position are available for immediate energy requirements and those in the sn-2 position are available for functional requirements. 7, 18 To our knowledge, no human study has been performed with this kind of lipid emulsion.
Chemically defined SLs should be developed for human use.
Nevertheless, several former animal studies have demonstrated a significant benefit of these kinds of lipids. In rat cancer models, a STG lipid emulsion containing fish oil slowed tumor growth rate without altering protein metabolism in the host. 45, 48 In stressed rat models, STG containing fish oil increased whole-body protein synthesis, reduced fatty infiltration in the liver, and improved the function of the RES with a reduced bacterial sequestration in the liver and the lungs. 47, 48 More recently, Simoens et al 52 evaluated plasma lipid levels, the distribution of exogenous fatty acids in plasma and tissue lipids in STG molecules with medium-chain fatty acid on sn-1 and sn-3 positions, and a longchain fatty acid on sn-2 position in dogs receiving high-fat PN (lipid providing 55% of calories) over a 4-week period. 49 The triglycerides and phospholipids from this new emulsion were more efficiently metabolized. However, fatty acid distribution in hepatic and extrahepatic tissues was not different.
Conclusion
In conclusion, randomized STG lipid emulsion (MCT-LCT) is as effective for calories and nitrogen balance as other lipid emulsions. Several studies have demonstrated a trend toward improved hydrolysis and nitrogen balance. However, there have been no clinical studies evaluating the primary clinical endpoints such as infectious complications, morbidity, length of stay, etc. However, the real interest of STG is chemically defined STG. Research and manufacturer laboratories should develop these kinds of structured triglycerides, which could modify the clinical endpoints in specific clinical situations.
